Abstract
Introduction

69
Skeletal muscle disuse, such as occurs during prolonged immobilization, bed rest 70 and spaceflight, is associated with muscle wasting, weakness and reduced fatigue 71 resistance (17). As muscular forces are important to maintain bone density, the reduction 72 in muscle mechanical forces may lead to an increased risk of falls and bone injury (24). In 73 astronauts, microgravity-induced changes in the musculoskeletal system may lead to 74 muscle or bone injury during activity and may limit their ability to perform their mission and 75 daily tasks, and presents a potential risk to their safety and health (1). There is therefore 76 considerable interest to develop effective nutritional and exercise interventions to 77 attenuate the muscle wasting following prolonged space missions.
79
Besides muscle atrophy, disuse also causes arterial structural remodeling and Although it has been well documented that gravitational unloading during short-term 91 spaceflight is associated with muscle atrophy and a reduced oxidative capacity in humans 92 (4,23) and rodents (4,50), there are still limited data on changes in muscle capillarization 93 and fiber oxidative capacity during prolonged microgravity in humans. induced muscle weakness, reduced fiber cross-sectional area and a slow-to-fast fiber type 95 transition (4) are more pronounced and occur earlier in oxidative and antigravity muscles 96 (such as the soleus) than in non-postural mixed muscles (i.e. the vastus lateralis) (17).
97
One might therefore expect that also the reduction in oxidative capacity and loss of 98 capillaries are more pronounced in the more oxidative weight-bearing muscles, but this 99 has hitherto not been investigated systematically. 
118
The supplementation of alkaline mineral salts, such as potassium bicarbonate (KHCO3),
119
has been shown to effectively reduce muscle wasting in the setting of acidogenic or high 120 vitamin D diets and in chronic metabolic acidosis in human (10) and animal models (14 plan. The design of the study was described previously (11). Briefly, the study was a 140 controlled randomized crossover design performed in two campaigns, separated by a 125-141 day wash-out period. Each campaign comprised a 7-day adaptation, a 21-day bed rest 142 (intervention period) and a 6-day recovery phase. The caloric intake was controlled 143 throughout the study and was during the 7-day adaptation and 6-day recovery phases 144 around 2700 kCal·d -1 and reduced to around 2030 kCal·d -1 during bed rest (for details see 145 11). For the first campaign (September and October 2011), five healthy participants were 146 randomly assigned to a bed rest-only (BR), and another five healthy participants to a bed 147 rest plus whey protein + KHCO3 intervention (NUTR). For the second campaign (February 148 and March 2012), the participants were assigned the other way around (Fig.1) . The 149 crossover design minimized any potential bias from carry-over and seasonal effects 150 (possible differences in the habitual activity levels during the summer and mid-winter) on 151 the structure and function of skeletal muscle. Maximal oxygen uptake was assessed using a graded exercise protocol on an Muscle cross-sections were prepared as previously described (8 were stained in the same section using a combined immunostaining (Fig. 2) . The cross-237 sections were dried at room temperature for 30 min and then fixed for 15 min in ice-cold 238 acetone (100%). The sections were then washed twice for 5 min in phosphate buffered 239 saline (PBS) at pH 7.6 and blocked for 1 h in 0.1% bovine serum albumin (BSA) in PBS.
240
The sections were then washed twice in PBS for 5 min and the endogenous peroxidases 
Analysis of muscle capillarization and fiber type composition
258
The capillarization of a muscle has traditionally been described by the overall 259 indices of capillary density (CD) and capillary to fiber ratio (C:F). Here, in addition to 260 conventional measures of muscle capillarization, we used the method of capillary domains, The succinate dehydrogenase (SDH) activity in individual muscle cells was 290 determined in histological sections (Fig, 2B) , as described previously (9,55). Briefly, a 291 section adjacent to the capillary-stained section was incubated at 37°C in the dark for 20 292 min in 37 mM sodium phosphate buffer pH 7.6 with 74 mM sodium succinate and 0.4 mM 293 tetra-nitroblue-tetrazolium. After 20 min of incubation, the reaction was stopped with 0.01 294 N HCl (5 s) and after washing with water mounted in glycerol gelatin (9,55).
295
Photomicrographs of stained cross-sections were then captured and the SDH optical 296 density (OD) of a fiber was determined by measuring the absorbance of the final reaction 297 product using an interference filter at 660 nm (9,55). Absorbance was converted to the rate Differences and relationships were considered significant at P < 0.05. All P-values were
329
Bonferroni corrected to adjust for multiple comparisons. Knee extensor MVC was significantly reduced after BR (P = 0.021; Fig. 3A ), but no 336 significant changes were seen in plantar flexor MVC. There were no significant differences 337 between NUTR and BR for either knee extensor or plantar flexor MVC (Fig. 3A) , or muscle 338 fatigue resistance of thigh muscles (Fig. 3B) (Fig. 4) . The specific SDH activity (reflected by the OD) was higher in type I 349 than type II fibers ( Fig. 4A ; P < 0.001) in both SOL and VL. In addition, the integrated 350 SDH, reflecting the maximal oxygen consumption of a fiber, was higher in fibers of the 351 SOL than the VL (P = 0.046). BR did result in a reduced fiber oxidative capacity in type I 352 and type II fibers in both muscles, both in terms of specific SDH activity (Fig. 4A ) and 353 integrated SDH activity ( Fig. 4B ; P < 0.01). WP + KHCO3 attenuated the BR-induced 354 reduction in specific SDH activity in both VL and SOL, as reflected by higher SDH activities 355 in the NUTR than the BR condition ( Fig. 4A ; P < 0.01). This was also reflected by an 356 attenuated reduction in integrated SDH in the SOL (P < 0.01), but not in the VL, of the 357 NUTR than the BR condition (Fig. 4B) . These changes in integrated SDH activity in the VL 358 were mirrored by the bed rest-induced reductions in whole body VO2max (P = 0.042) that was not attenuated by the nutritional intervention (Fig. 3C) . 
Overall capillarization
362
The CD (Table 2 ) and C:F (Table 2) were higher in the SOL than the VL (P < 0.01).
363
The capillary domain area was smaller in the SOL than the VL (Table 2 ; P < 0.001), but 364 there was no significant difference in the heterogeneity of capillary spacing (LosDSD) 365 between muscles (Table 2) . Neither BR nor NUTR did significantly affect the CD, C:F,
LosDSD or domain area (Table 2) . Noteworthy, not only the maximal fiber oxygen 367 consumption, indicated by a reduced integrated SDH in fibers of both muscles after BR 368 (Fig. 4B) , but also the maximal oxygen consumption supported by a capillary (MO2max),
369
( Table 2 , BR vs BL; P < 0.001), was attenuated by NUTR intervention (Table 2 ; P < 370 0.001). There was a non-significant trend (P=0.057) for a difference between the MO2max at 371 baseline between the two campaigns, suggesting a possible carry-over effect of bed rest 372 or nutritional intervention, or a seasonal effect on MO2max.
374
Fiber specific capillary supply 375 The local capillary to fiber ratio (LCFR; Fig. 5A ) and the capillary fiber density (CFD; 376
Fig
. 5B), were higher in SOL than in the VL (P < 0.01). The LCFR of type II was higher 377 than that of type I fibers in both muscles (P < 0.001), while type I fibers had a higher CFD 378 than type II fibers (P < 0.001). The LCFR/perimeter ratio was larger in type I than type II 379 fibers (P = 0.012), and it was larger for fibers in the SOL than the VL (P < 0.001).
380
Irrespective of fiber type, NUTR, but not BR, was associated with a reduction in LCFR in 381 the SOL muscle (P < 0.001; Fig. 5A ). BR did induce an increase in CFD in both muscles 382 (P < 0.001). We found that the fibers became less circular during BR, as indicated by an 383 increased perimeter:FCSA ratio ( Fig. 6 ; P < 0.001) and this was even more pronounced in 384 the SOL, but not in the VL after NUTR ( Fig. 6 ; P < 0.001). The LCFR/perimeter ratio was 385 lower in BL than in BR and NUTR (P < 0.001; Fig. 5C ).
387
Discussion
388
The main observations of the present study are that 19 days of bed rest significantly 389 reduced the fiber oxidative capacity, irrespective of fiber type, in both the soleus and 390 vastus lateralis muscle. This was associated with a reduction in the whole body maximal 391 oxygen uptake (VO2max). There was no significant loss of capillaries, resulting in a denser 392 capillary network than expected for the fiber size and fiber oxidative capacity, suggesting a 393 superfluous capillarization. The reduction in fiber oxidative capacity was to some extent 394 prevented by a WP + KHCO3-enriched diet. Table 2 ). The reduction in maximal voluntary isometric force 403 (MVC) of the knee extensor muscles we observed (Fig.3) reportedly, a close correlation between the fiber oxidative capacity of a fiber and its 414 capillary supply (5), one might expect that bed rest is associated with capillary rarefaction.
415
In line with this, it has been observed that the capillary to fiber ratio, was reduced in the 416 human soleus, but not in the vastus lateralis muscle, after 90 days bed rest and was 417 maintained by exercise during bed rest (47). We, however, did not observe reductions in 418 the number of capillaries per fiber ( The bed rest-induced reduction in the oxidative capacity of the fibers, indicative for 429 a decreased mitochondrial volume density, was independent of muscle or fiber type ( (Table 2 ) was significantly reduced after bed rest. Thus, in terms of oxidative capacity, the 447 muscle has an 'excessive' capillary supply; something also observed in old rat muscles in an attenuated reduction of whole body VO2max (Fig. 3B) . Something similar was also 
Conclusion
531
In conclusion, medium-term bed rest, even without overt muscle fiber atrophy, 
